Strength and permeability properties along with microstructural evolution of hardened slurries composed of fly ash from fluidal bed combustion of brown coal and an addition of OPC/BFSC is assessed in this paper. An increase in the amount of fly ash in slurries influences the development of mechanical strength and a decrease of hydraulic conductivity. SEM, XRD, and porosity analyses confirmed formation of watertight microstructures.
INTRODUCTION
Floods are dynamic and unpredictable phenomena. They usually cause significant material damage and sometimes loss of human life. One of the methods of flood protection is constructing dikes, which prevent areas located near the river from flooding. In Poland, an area of about 1 mln ha of agricultural terrains is protected with dikes of a combined length of about 8,500 km [12] . A great part of these dikes needs modernisation or repair. Due to limited funds for this purpose, the decision to modernise the dikes must be made after the assessment and management of flood risk [6] .
In dike modernisation, technology and materials play the main role. In Poland, where coal is the dominant fossil fuel used in energy production, the applied materials may and should consist of by-products from power industry in the highest possible amount.
Fly ash produced during fluidised bed combustion of coal, conducted in low temperatures (a850qC) and reducing SO2 and NOx emissions, has non-spherical particles of high specific surface area with broad particle size distribution [2, 9] . These properties result in a high water demand by this type of fly ash and limit its utilisation to landfill disposal. Research results presented in the article show the possibilities of use of this specific by-product; fly ash from circulating fluidised bed combustion (CFBC) of brown coal as the main binder's component of hardening slurry used to form cut-off walls -low permeability barriers improving the properties of objects in flood protection (dikes, earth dams) [7, 11] . The results may be used in further application of CFBC ash in flood protection.
EXPERIMENTAL

MATERIALS
Hardening slurries discussed are composed of calcareous fly ash, obtained during fluidal bed combustion of brown coal, and two types of cement: CEM I 42,5 and CEM III 32,5. The slurries were modified with a small amount of sodium bentonite to provide adequate technological properties (density, viscosity, 24-hour water setting). Hardening slurry is a construction material, which should perform at compressive strength after 28 days of curing within the limits of 0.5-2.0
MPa, but also should be impermeable (hydraulic conductivity after 28 days of curing <10 -8 m/s).
These requirements result from the specific conditions of work of cut-off walls, that is they should perform appropriate connections with the surrounding ground to work as the watertight barrier.
Utilisation of CFBC fly ash as a main component (cement is just an additive) favourably influences mechanical properties and hydraulic conductivity of hardened slurries [10] .
Fly ash used in experiments presents a high water demand, influencing strongly the workability of fresh concrete. The mentioned property, unfavourable in concrete technology, does not influence significantly the properties of hardening slurry because of high water amounts. The fly ash also presents high pozzolanic activity which makes it an interesting material from the point of view of other cement-based materials; for example cementing slurries used in drilling operations [14] , as well as geotechnical works. In that case, high water demand may be seen as an advantage, when used as a density modifier in cementing slurries. Table 1 presents the chemical composition of fly ash used in experiments. As it can be seen, SiO2, Al2O3, and CaO are the main compounds. A relatively high content of calcium oxide indicates that, beside pozzolanic activity, it also performs hydraulic properties, therefore it is able to set and harden without any activators. Basic physical properties are shown in Table 2 . Table 4 ). The latter considers the content of active SiO2 and Al2O3 within the material. Investigated fly ash exhibits very good pozzolanic activity, mainly due to the irregular shapes of its grains, and higher specific surface area. In addition, it contains highly active dehydrated clayey minerals, which are mainly responsible for pozzolanic reaction. 
PREPARATION OF SAMPLES
Samples (three for each formulae and test) were prepared with mechanical mixing of dry components with +18r2˚C tap water according to three formulae (Table 5 ). Samples for strength tests were prepared in steel cylinder moulds measuring 8cm in both diameter and height. Samples for hydraulic conductivity tests were prepared in PVC cylinder moulds measuring 7.5 cm in diameter and 8cm in height [8] . After setting, the samples were put in basins with +18r2qC water. 
TEST METHODS
Laboratory analyses covered the following tests:
compressive strength tests were conducted accordingly to EN 12390-3 [4] . Samples were compressed with velocity equal to 0.05 MPa/s.
hydraulic conductivity tests were conducted in a specialized apparatus [8] .
phase composition of samples was determined using XRD. Samples of appropriate size were crushed with a mortar and a pestle, dried in a desiccator under high vacuum and grounded with agate mortar and pestle until the entire sample passed through a 63Pm sieve. Then samples were subjected to XRD analysis using the Philips PW 1130 apparatus with a Cu cathode, beam parameters were set to 16mA and 35kV, step was 0.05º theta and acquisition time was 3 s/step. hydrated slurries were observed using the FEI Nova NanoSEM 200 scanning electron microscope. Samples were not dried prior to observation. Small pieces of hardened slurries were taken from the bars and placed on the holder, transferred to the coater, and covered with a thin carbon layer to avoid charging, then observed in low vacuum mode at 60 Pa water vapour pressure.
for mercury porosimetry, a Carlo Erba 2000 porosimeter with low-and high-pressure equipment was used. Samples were investigated up to 2000 atm. Samples for porosimetry were split off, then dried in a vacuum desiccator to constant mass.
RESULTS AND DISCUSSION
COMPRESSIVE STRENGTH AND HYDRAULIC CONDUCTIVITY
Each formulation of investigated hardened slurries shows an increase of compressive strength at the time of curing (Table 6 ), which indicates the progress of the hydration process of the fly ashcement binder. Samples consisting of more fly ash (formulae 2 and 5: FA/C=2.18; formulae 3 and 6: FA/C=2.45) perform at a higher value of strength than samples consisting of more cement. The value of compressive strength of the 3/28 formula is about 81% higher than the strength of the 1/28 one. Analysing the samples with an addition of CEM III 32,5, it can be observed that compressive strength of the 6/28 formula is 135% higher than the strength of the 4/28 one. In addition, a rise of the strength value between 28 and 90 days of curing can be stated. In Table 7 relative intensities of main XRD peaks of AFm and ettringite are compared. The results show that CEM I promotes formation of the AFm phase and high water-to-binder ratios leads to high AFm/AFt peak intensity ratios. In both slurries, there is a considerable amount of the C-S-H phase present in hydrated slurries. Moreover, no peaks of alite were found. This means that the rate of hydration of the cement is high, close to 100%. It is possibly due to the relatively high water-to-cement ratio of the slurries. Quartz present in hardened slurries originates from fly ash, and since is not reactive it remains unchanged. 
POROSITY
Among parameters obtained during porosimetric testing, a threshold diameter was used as the most valuable parameter describing pore structure. The most important feature of investigated slurries is their low hydraulic conductivity. The work of Illston et al. showed [13] that hydraulic conductivity of pastes is connected with the diameter of continuous capillary pores. The threshold diameter is a parameter which refers to the continuity of the capillary pore system. The values of the threshold diameter, between 28 and 90 days, decrease between 2 and 3.5 times. Slurries made of CEM III are characterized by smaller threshold diameters. This observation is consistent with data on porosity of typical cement pastes made with CEM I and CEM III. It can be observed that the higher water-to-solid ratio, the higher the threshold diameter value. 
